Abstract-We propose to analyze the aperture and ITO layer presence of a modified transverse electromagnetic (TEM) cell. This TEM cell can be used to study the potential effects of microwave electromagnetic fields on biological cells. This modified delivery device allows real-time observation of biological cells during exposure. Microscopic observation is achieved through an aperture in the lower wall of the TEM cell that is sealed with a 700-nm film of the transparent conducting material Indium tin oxide (ITO). To determine the device efficiency, numerical and experimental electromagnetic dosimetry was conducted. For assessing the effect of the aperture on the specific absorption rate (SAR) in the exposed sample, a plastic Petri dish containing cell culture medium, full-wave 3-D electromagnetic simulations and temperature measurements were performed. For 1-W input power, the SAR values obtained at 1.8 GHz in the sample exposed in the TEM cell with the sealed or non-sealed aperture of 20-mm diameter were 1.1 W/kg and 23.6 W/kg, respectively. An excellent homogeneity of the SAR distribution was achieved when the aperture was sealed with the ITO layer. The performance of the delivery system was confirmed by microwave exposure and simultaneous observation of living cells.
INTRODUCTION
Radiofrequency (RF) electromagnetic fields (EMF), from 30 kHz to 300 GHz, are ubiquitous in our daily environment (e.g., in microwave ovens, for mobile telecommunication, Wi-Fi, RADAR). Over the last two decades, the rapid increase in the use of wireless communication devices has been accompanied by a significant amount of research in response to public concern about the possible health effects of RF EMF [1, 2] . However, the mechanisms involved in the interaction between RF EMF and living cells, other than those leading to the acknowledged thermal effects, are still unclear. Real-time visualization of biological cells is important for defining and exploring interaction mechanisms, both for thermal and potential non-thermal effects. However, it is important to define real-time in this contexthere we mean real-time from the perspective of biology and not in the microwave (MHz to GHz) regime. Biology and biological responses are transient, far from equilibrium systems that operate on the scale of milliseconds (excitable systems like cardiac and neuronal) to seconds to minutes (cell signals, transcription, protein translation), days to years (development, epigenetics, chronic disease development, etc.). Biological responses are complex and the time scale of measurement must be matched to that of the biological event. For example, if one is trying to observe neural activity in the brain, the sampling frequency must be suited to the transient electrical nature of these events -measuring the mean voltage or end point voltage of the system is not informative. Fluorescent microscopy can be used to study biological responses that occur over the millisecond to multiple hour timescale. By the application of a wide range of fluorescent probes to cells, one can read out a number of important physiological factors from cells, including changes in ion concentration, pH, voltage and membrane integrity [3] .
Most biological studies of RF-EMF thus far have considered arbitrary fixed time points, 30 minute exposure, 4 hr exposure, etc., and therefore are suited only to measuring the integrated endpoints like gene expression, cell death, DNA damage, disease states, animal behaviour, etc. Given that biology is transient, non-equilibrium, and highly adaptive, we propose the development of exposure systems that permit one to study cellular RF-EMF responses with fluorescent microscopy on the scale of biologically relevant events.
As illustrated in [4] [5] [6] , different exposure systems have been developed to study the health effects of RF EMF. For real-time investigation, specific exposure systems have also been designed incorporating multiple electrode arrays (MEA) [7] [8] [9] and coplanar waveguides [10, 11] . A few studies include monitoring of the sample using microscopic imaging. Nevertheless, these systems are typically limited to deliver frequencies higher than 500 MHz. To accommodate the microscope stage for RF applications, existing exposure systems may be adapted by adding an aperture that allows access to the system via a microscope objective. However, such modifications can significantly disturb the electric field induced inside the sample and thus modify the performance of the exposure system.
For in vitro studies of RF-induced biological effects at reduced scale, the Transverse Electromagnetic (TEM) cell is a commonly used delivery device [12] [13] [14] [15] [16] . An opened TEM cell with an aperture in the center of the lower plate has been proposed for real-time microscopic observation of exposed cells [17] . The diameter of the aperture was comparable to that of the microscope objective. Because of its large size, the impact of the aperture on the electric field distribution inside the exposed sample must be evaluated precisely. In the TEM cell, large samples can be considered like 36-mm Petri dish. This can allow classical biological studies with a large number of cells and with the same exposure setup, i.e., in the same exposure conditions. The control of the temperature is easier compared than in a small volume. For long term exposure, the volume permits to better control the biological environment. The vertical electric field orientation is usually well controlled over a large frequency bandwidth. Due to cell large available surface, many cells can be observed.
In this paper, we propose to seal the aperture with an optically transparent conducting material. We chose a 700-nm layer of Indium tin oxide (ITO) as conducting material, as it is one of the best candidates among the transparent conducting oxides [18] . ITO films have been reported for several purposes, e.g., for manufacturing electrodes for optoelectronic devices [19] , electrochromic cells [20] , solar cells [21] or for the development of transparent antennas for wireless communication [22] [23] [24] [25] [26] .
The aim of this study was: (i) to analyze the impact of the aperture versus its diameter and the frequency of the electromagnetic waves (ii) to assess the role of ITO layer on the energy absorbed by a biological sample exposed in vitro to EMF at 1.8 GHz. The paper is organized as follows. Section 2 describes the materials and methods for the experiments and numerical modeling. The results and electromagnetic analyses are presented in Section 3 while Section 4 concludes the work.
MATERIAL AND METHODS

Delivery Device
Opened TEM Cell
A TEM cell is an efficient device for in vitro studies of EMF-induced effects on living cells. It is known that small TEM cells have a high useful frequency band. We have previously used the TEM cell shown in Figure 1 as a delivery system for microwaves [8, 9, 14, 27, 28] and for nanosecond electric pulses [17, 29, 30] . The biological sample was placed in a 35-mm Petri dish centered above the TEM cell lower plate. The total height of the TEM cell was deliberately set to 20 mm to allow the insertion in the microscope stage. A 12-mm distance between the septum and the lower plate was chosen to allow inserting a Petri dish below the septum of the TEM cell. For this type of TEM cells where the height is rather small compared to the septum width, the E-field has a good uniformity over the TEM cell height [28] . Due to the size of the microscope objective, an aperture with a diameter of 20 mm was made in the center of the lower TEM cell ground plate to allow real-time microscopic observation. 
ITO Characteristics
The ITO material used to cover the TEM cell lower aperture is a mixture of indium(III) oxide (In 2 O 3 ) and tin(IV) oxide (SnO 2 ) [31] . In powder form, ITO is yellow-green in color. When deposited on glass or clear plastic as a thin film of maximum 1-µm thickness, it is transparent, colorless, and functions as an electrical conductor. For good electrical conductive properties of the ITO layer at microwave frequencies, the material thickness should be adequate. Typically, thicknesses of a few hundred nm, corresponding to an acceptable skin depth/ITO layer thickness ratio (2%), are used [32] . It has been shown in the literature that an optical transparency of 90% was reached for an ITO film thickness around 370-nm [32] . This transparency decreases to 70% when the thickness increases to 1100-nm.
With an optical transparency lower than 70% microscopic observation of biological cells becomes more difficult. A thickness of 700 nm was chosen to ensure a good conductive behavior. With this ITO layer thickness, an optical transparency of 85% was achieved. So, a 700-nm ITO layer deposited on a 22-mm 2 glass plate with 170-µm thickness (Brand Indium-Tin-Oxide Coated cover slips, 06473B-AB, SPI Supplies, USA) was selected to respect the working distance of the microscope objective.
Studied Configurations
To study the influence of the aperture and the ITO layer on the device performance, different configurations of the TEM cell containing a Petri dish filled with a 3-ml buffered salt solution, were studied:
• A configuration without aperture.
• Several configurations where the diameter of the aperture was varied from 2 mm up to 20 mm.
• A configuration where the 20-mm diameter aperture was sealed with a 700-nm ITO layer.
Experimental Measurements
The exposure system was experimentally characterized by measuring two significant parameters: the S-parameters and the distribution of the Specific Absorption Rate (SAR) in the biological sample. 
S ij Measurements
To characterize the frequency bandwidth of the delivery system, reflection and transmission coefficients were measured up to 3 GHz. Different configurations were measured: the TEM cell with an aperture of varying diameter with or without ITO layer, and containing an empty Petri dish or a Petri dish filled with 3-ml of buffered salt solution. The S ij parameters were obtained by connecting the TEM cell to a vector network analyzer (HP 8753E, Agilent) presenting a 50-Ω input impedance.
SAR Assessment
To achieve high quality biological investigations as indicated in [33] , SAR distribution was experimentally and numerically evaluated at 1.8 GHz. The SAR was evaluated through 3D simulations and temperature measurements. The experimental setup for SAR measurements is shown in Figure 2 The temperature measurements were performed using a non-perturbing fluoroptic probe (Luxtron One, Lumasense Technologies, CA, USA). The temperature measurements were recorded at a rate of 4 samples per second. The probe tip was vertically immersed in the Petri dish. Measurements were conducted at different positions along the x and y axis. Before RF EMF exposure, a 30-min time delay was required to guarantee temperature stability. The SAR was computed using Equation (1),
where C is the specific heat capacity of the considered medium, 4186 J/(kg·K) and ∂T /∂t corresponds to the initial slope of the rate of temperature increase versus time.
Electromagnetic Analysis
To complete the experimental measurements, full-wave 3-D simulations were performed using commercial software (CST Microwave Studio). The code implements the Finite Integration Technique (FIT), based on a discretization of Maxwell's equations in integral form. It allows dosimetric computations directly in the form of average SAR or maximum SAR over the exposed sample. From the electric field, the spatial distribution of the SAR (W/kg) can be deduced using:
where E is the amplitude of the electric field (V/m), ρ is the mass density (kg/m 3 ) and σ is the electrical conductivity (S/m) of the exposed sample. Average SAR is obtained by dividing the total power absorbed in the biological sample by the full sample mass, while maximum SAR is given as a numerical value per volume element without mass or volume averaging and becomes a space distribution function. This function, called local SAR, ensure SAR distribution that's can not be determined by measurement.
The structure was simulated and the results were extracted over the 0.5-3 GHz frequency band for an incident power of 1 W. The feeding source and the load are modeled by waveguide ports having 50-Ω impedance. The Petri dish cover glass permittivity was set to 2.5. The dielectric properties of the solution at 1.8 GHz were: conductivity of 2.5 S/m, relative permittivity of 76 and mass density of 1000 kg/m 3 . The metallic parts were considered perfect electric conductors. The ITO layer had a conductivity of 1.3 × 10 6 S/m as deposited on a glass plate with a relative permittivity of 4.8 [31] . The TEM cell's long axis is oriented along the Ox axis, being centered in the origin of the coordinate system. The height of the cell is on the Oz axis. The mesh is produced by an automatic mesh generator, which ensures a good compromise between accuracy and simulation time. Due to the various dimensions of the simulated structure and for more precision, the biological sample was meshed with a uniform grid mesh of 250 µm. When the ITO layer was included, a non-uniform mesh with a finest grid Δz resolution of 0.35 µm was used.
Biological Sample Preparation and Fluorescence Microscopy
The U87MG human glioblastoma cell line (a type of brain cancer cell), was used in these experiments. Cells were grown in complete culture medium (MEM supplemented with 10% fetal bovine serum, glutamine, 100 units/ml penicillin and 100 µg/ml streptomycin; Invitrogen) in an incubator at 37 • C and with 5% CO 2 . Cells were subcultured onto glass-bottom, poly-D-lysine coated Petri dishes (Fluodish; WPI-Europe) at a density of 1-2 × 10 5 cells per ml and allowed to adhere and grow for 48 hours prior to experiments. Cells were transfected with CellLight R tubulin-GFP vector (Invitrogen) 18 hours prior to experiments and then loaded with tetramethylrhodamine methyl ester (TMRM; Invitrogen) and Hoechst-33342 (Invitrogen), to visualize microtubules, mitochondria and nuclei, respectively. These fluorescent dyes were chosen as examples that can be used to report both structural and functional changes in living cells. Culture media and dyes were removed and replaced with 3 ml of HEPES buffered salt solution (Live cell Imaging Solution; Invitrogen), in order to maintain physiological conditions with respect to osmolarity, pH and membrane potential.
Epifluorescent illumination of the cells was accomplished with a solid state light engine (Spectra 7, Lumencor), coupled to the microscope (DMI6000, Leica) by a 1-mm quartz fiber. Light in the ultraviolet (390/18), cyan (475/28) and green (549/15) channels was used to excite Hoechst-33342, GFP and TMRM, respectively. Emitted light was separated from excitation with a dichroic beamsplitter (89100BS, Chroma) and selected by emission filters controlled by a filter wheel (MAC 6000, Ludl). Images were captured on an electron multiplying charge coupled device camera (EMCCD Evolve 512, Roper) with 512 × 512 pixels. Cells were illuminated for short durations (50 ms) to minimize photobleaching. Images were background corrected with a region of interest not containing cells.
RESULTS
S-Parameter
The results of the measurements and simulations show that the presence of the culture medium and the different aperture sizes slightly modifies the transmission and reflection parameters of the TEM cell. The measurements presented in Figure 3 correspond to three different configurations: the TEM cell without aperture, with the 20-mm diameter aperture and with the 20-mm diameter aperture sealed by the 700-nm ITO layer. For the three configurations, the return loss shows good impedance matching up to 2.2 GHz and the transmission coefficient is comprised between 0 and −1 dB up to 3 GHz. For the designed structure, the higher order mode cutoff frequencies have been assessed. The first order cutoff frequency can be extrapolated from the results proposed by [34, 35] . Considering the ratio between the 30-mm strip width and the 21-mm height, a cutoff frequency around 6 GHz is obtained. This value corresponds to a symmetrical structure but it is high enough to support the TEM-cell use up to 3 GHz.
The periodic resonances observed are due to the transitions between the connectors and the TEM cell. Indeed, the minimums and maximums can be associated to the strip line length and are due to the small mismatch between TEM cell plates and the coaxial connectors. By considering the 22-cm TEM cell length including connectors, the frequency of the equivalent half wavelength dipole is around 650 MHz. This frequency value and its harmonics are consistent with the S-parameters minimums and maximums on the Figure 3 . This mismatch remains low with proper S-parameters. However, to reduce the reflection coefficient, the design of the TEM cell particularly in the connectors' area has to be improved for exposures at frequencies higher than 2.4 GHz.
Experimental Dosimetry
Results of three different configurations, corresponding to the TEM cell without aperture and with a 20-mm diameter aperture are presented in Figure 4 . In the later case, the ITO layer was present or not in the aperture. The incident power was set to 25 W. Temperature data are plotted in Figure 3 . The RF generator was switched on after 20 min of acquisition (only 1 min is plotted). We have made more than 20 measurements for each of the three different configurations. The computation of the standard deviation takes also into account the uncertainty of the SAR assessment. We used an exponential fit of the temperature measurements to compute the exponential fit derivative at the initial phase (t = 0 s, RF on). The derivative slightly varies depending on the chosen parameters, specifically on the time window for the fit computation. In our case, we have varied the time window from 30 s to 120 s. For each measurement and for each different time windows, a SAR value was assessed. The standard deviation was calculated from all the assessed SAR values, i.e., 60 SAR values (20 measurements with 3 time windows). This allowed defining a standard deviation on the measurements. The exponential fit was obtained using an unconstrained nonlinear optimization (derivative-free method, fminsearch matlab R optimization function).
The associated SAR values and standard deviation calculated from temperature are summarized in Table 1 (measurements). In our conditions, as the SAR is a linear quantity with respect to the input power, it is convenient to express the SAR normalized per unit of input power (W/kg/W). A good agreement was observed between the SAR values measured in the TEM cell without the aperture and with the aperture closed by the 700-nm ITO layer. These normalized SAR values show excellent agreement with numerical simulations, which confirms the electrical continuity in the TEM cell aperture In the inset, the exponential temperature fit obtained using an unconstrained nonlinear optimization is presented.
closed by the ITO layer. For the TEM cell with the 20-mm diameter aperture, a significant increase in the local SAR value (23.6 ± 0.6 W/kg/W) was observed compared to the two other configurations. This indicates that the presence of the circular aperture highly affects the local SAR in the center of the biological solution. To better understand the influence of the aperture, a parametric study using 3D electromagnetic simulations was carried out as a function of the aperture size and frequency.
Electromagnetic Analysis
Dosimetric computations were performed to obtain the SAR averaged over the whole volume of the exposed sample along with the local SAR averaged in 1 mm 3 cubes at the bottom center of the Petri dish. This local SAR corresponds to the probe measurement volume. As indicated in Table 1 , a good level of consistency was obtained between the numerical and the experimental SAR values. The knowledge of the SAR distribution is essential in microdosimetric investigations of biochemical effects at the level of cellular dimension and below. Figure 5 shows the SAR distribution across the bottom layer and a vertical cut (xOz plane) across the middle of the biological sample at 1.8 GHz. Three configurations are presented: the TEM cell without aperture, with a 20 mm diameter lower aperture and with the lower aperture sealed by 700-nm ITO layer. High SAR levels are observed above the aperture ( Figure 5(b) ). The aperture significantly modifies the SAR distribution with an increased heterogeneity. Thus, it is recommended to close the aperture with an ITO layer to prevent leakage and maintain good homogeneity in the biological solution.
To further understand the influence of the aperture size on the SAR distribution within the biological medium, different configurations with an aperture diameter varying from 0 to 20 mm with a step of 2 mm were simulated. Figure 6 presents the local SAR variation at 1.8 GHz for different aperture sizes. As observed, the bottom layer SAR value increases with the aperture size. This confirms the high influence of the aperture size on the local SAR value.
As seen in Figure 6 , for aperture diameters smaller then 8 mm the SAR inhomogeneity is acceptable indicating that the electric field focusing on the aperture edge is weak. On the contrary, when increasing the aperture dimension (a diameter higher than 8 mm), the SAR variability increases indicating that the electric field focusing on the aperture edge is enhanced, thereby inducing higher SAR inhomogeneity in the region above the aperture. In addition, the SAR averaged over the whole volume depending on the frequency and for different aperture sizes (diameter varying from 0 to 20 mm with a step of 4 mm) was calculated and shown in Figure 7 . For all simulated cases, the SAR value increases with the aperture size and frequency up to 2 GHz. Above 2 GHz, resonances appear at certain frequencies for all configurations. These frequencies can be related to the mode of the equivalent cylindrical dielectric resonator representing the solution in the Petri dish. A significant variation of the SAR is observed. This variation differs from one configuration to another, which confirms the high impact of the aperture size on the SAR value due to the induced leakage. To support the resonance frequencies, some measurements have been made (data not shown). These measurements have highlighted similar changes of the SAR values versus the frequency with maximums close to those obtain by simulation for the whole volume.
For the TEM cell without aperture, the computed SAR resonance occurred at 2.7 GHz. An analytical approximation of the structure was evaluated to identify this resonance frequency. The biological sample placed in the Petri dish is assimilated to a cylindrical dielectric resonator with the lower TEM cell metallic plate as an electric short circuit. The continuity conditions at the other interfaces of the sample can be approach to magnetic short circuit due to the passage from a high relative dielectric permittivity, ε r1 = 76 the liquid sample, to a low relative dielectric permittivity (ε r2 = 2.5 for the Petri dish and ε r3 = 1 for the vacuum). The resonant frequencies are given by:
where h = 3.1 mm and a = 17.5 mm represent the height and radius, respectively, of the liquid sample; χ nm corresponds to the nth zero of the Bessel function of order n; c = 3.10 8 m/s is the speed of light and ε r = 76 the relative permittivity of the liquid sample. For the TEM cell without aperture, the computed SAR resonance occurred at 2.7 GHz. The first theoretical resonance frequency (TE 01 mode) is 2.85 GHz. The resonant frequencies obtained by analytical approximation and by simulation are in good agreement.
Cellular Imaging with Live-Cell Fluorescence Microscopy
Live-cell fluorescent images were acquired with high resolution through the ITO-coated window aperture with the glass-bottom Petri dish located in the TEM cell. Cells were labeled using three commonly used fluorophores (Hoechst, green fluorescent protein (GFP) and TMRM) to demonstrate the potential of this setup for live-cell imaging experiments. The addition of the thin ITO glass layer with the glass cover slide of the Petri dish increases the optical path and therefore imposes a limitation on the choice of objective. Nevertheless, the use of long-working distance objectives obviates this limitation, allowing the visualization of sub-cellular compartments and organelles with high resolution (Figure 8 ).
CONCLUSION
In this paper, a modified TEM cell was proposed for the real time observation of biological cells exposed to microwaves. A 20-mm diameter aperture was drilled in the lower plate of the TEM cell and sealed with a 700-nm thick ITO layer, a specific material with both electrical conductivity and optical transparency. Electromagnetic analysis was conducted in a Petri dish placed within the TEM cell. Results showed a good level of consistency between the SAR values evaluated via temperature measurements and numerical results. The TEM cell without aperture and with aperture sealed with the 700-nm ITO layer presented the same SAR values and a good homogeneity in SAR distribution. In summary, we demonstrated that the ITO layer is a good solution to avoid perturbation of the SAR distribution by the aperture, allowing the possibility of real time observation during EM exposure of living cells. Our exposure system will facilitate future experiments examining the potential transient events that occur on the scale of cellular imaging experiments (over milliseconds, seconds, minutes and hours).
